Recent developments in computing and hardware manufacturing are allowing many pieces of software to be embedded in general-purpose, low-cost devices. This work presents and tests the feasibility and performance of implementing, in such a device, a previously developed unified fuzzy controller for managing the different aspects involved in Indoor Environment Quality (IEQ). This unifying controller overcomes the potentially inefficient interactions between several traditional controllers, and its implementation is able to accommodate the higher computational needs of the fuzzy formalism.
Introduction
Indoor Environmental Quality (IEQ) aims at optimizing traditional energy control inside a building by taking into account users' comfort. In this context, reducing the energy consumption of HVAC (heating, ventilation, and air conditioning) systems, while maintaining an appropriate comfort level has gained great relevance lately due to the almost ubiquitous presence of these systems in many buildings, and their great contribution towards the energy consumed in those environments.
Conventional control of HVAC systems consists of On-Off and PID controllers (proportional-integralderivative controllers), which try to minimize the error between the studied variable and the fixed setpoint throughout a defined mathematical model. Therefore, they do not directly address users' comfort, and do not easily accommodate further controls than just very reactive ones.
However, according to [1] , HVAC systems could be considered as MIMO (Multiple Input Multiple Output) control problems, and henceforth be described as multi-criteria problems, since they analyse interrelated variables to extract values for a set of outputs. For instance, by changing the temperature in a room, the humidity level can also be affected. Additionally, they are influenced by a wide range of uncertain parameters, such as external air temperature and occupants' activities or preferences, that might potentially affect the controller normal operations [2] .
In this context, traditional PIDs provide reasonable solutions, but they fail to model the inherent uncertainty of the dynamics of HVAC systems, which are more easily characterised using linguistic labels and rules [3, 4] . Fuzzy Logic Controllers (FLCs) appear as a viable alternative to conventional controllers, since they do not require a mathematical modelling [5] and they are prepared to handle different criteria. Furthermore, they represent the dynamic of the HVAC system according to the knowledge of a human expert. Finally, their efficiency and lower energy consumption (while satisfying the indoor comfort requirements) comparing to PID controllers, has been completely demonstrated [6] . These benefits, however, come at the cost of added complexity and higher computational costs [7] .
In a previous work [8] , we surveyed different proposals of fuzzy controllers for HVAC systems. In it, we identified that there was a lack of systems tackling the issues of IEQ and users comfort, as well as the interrelations between different dimensions. We therefore, proposed, implemented and tested an unifying fuzzy controller to address such requirements. Our devised FLC took into consideration changes in both outdoor and indoor temperature, relative humidity levels and CO 2 concentration, in addition to users' preferences in order to control the different aspects affecting the IEQ of a room by means of operating a HVAC system. Fortunately, new proposals have recently appeared in literature, certainly demonstrating the big interest IEQ and comfort control currently have among researchers and industry. For instance, [9] presented a comparative study of different methods for building thermal control, based on artificial intelligence techniques. [10] also proposed and additional layer to provide an existing PID with the holistic knowledge on interrelations between variables.
The current work presents the implementation of the previously proposed unifying fuzzy controller in a general-purpose, low-cost device: a Raspberry Pi 1 with the goal of proving the feasibility of such implementation. The paper is therefore organized as follows. Section 2 summarizes the most relevant aspects of the previously designed Fuzzy Logic Controller, whereas Section 3 describes the Raspberry Pi. Section 4 presents the experimentation 
Unifying Fuzzy Logic Controller
In a previous work [8] , we surveyed the literature on IEQ controllers and discovered that most of them (with some exceptions such as [11, 12] ) were only focused on one dimension (mainly temperature) and not taking into account the potential interrelations within the different dimensions.
With the aim of filling such a gap, we then proposed a distributed control system with a Supervisory Fuzzy Logic Controller to reset and establish the set-points of the specific PID controllers with the aim of maintaining the Indoor Environment Quality (IEQ), and considering an holistic view of the environment.
In particular, the inputs to our system were five sensors (indoor and outdoor temperature, humidity, CO 2 and lighting sensors), whereas the outputs were four actuators (air conditioner program, lighting level, temperature setpoint and humidity level). All in all, the aim of our controller was to apprise the interrelations as decisions taken on one of the outputs might influence the general context, and, consequently, make changes in the others.
We based our proposal on the usage of intelligent techniques and fuzzy logic, which has proven very effective in control applications where the exact mathematical model is not known, but the behavior can be effectively defined based on the experience. We advocated for attaching our Fuzzy Control Module to the current PID controllers with the aim of improving the flexibility and adjustment of the control system (see Figure 1 for a general scheme of the system).
Our controller relies on a Knowledge base which collects the expert knowledge about the dynamic behaviour of the system. It is represented as a set of IF-THEN rules and membership functions. Table 1 shows a subset of the defined rules in the system to illustrate how the knowledge is encoded within this formalism (variables and their values are explained in the following paragraphs).
As said, five distributed sensors (indoor and outdoor temperature, relative humidity and CO 2 concentration sensors, lighting level) are placed in the room, monitoring it continuously. From now on, we will named sensors S temp indoor , S temp outdoor , S RH , S CO2 and S light , respectively.
The domain of every input was described over a set of three linguistic labels: Low, Medium and High. The particular membership functions depend on each input, but are always in the shape of Trapezoidal functions, defined by equation 1. For an illustrative purpose, Figure 2 shows the different trapezoidal membership functions for the input sensor measurements. Output variables were defined in a similar manner, and will not be depicted here.
Trapezoidal functions are defined as follows:
where L can be Low, Medium and High, a and d are the end points of the trapezoidal membership function, b and c are the peak points of the trapezoidal membership function, and x i is the ith sensor.
Regarding the outputs, we were able to manage the air conditioner program (A Air ), HVAC temperature setpoints (A temp level ), lighting level (A ligth ) and humidifier functioning (A h level ). These linguistic variables were defined depending on how the actuator worked:
The operation of a Fuzzy Logic Controller (FLC) is generally based on the Inference Engine, which is responsible of accepting the inputs after the fuzzification process, and provide the outputs values to the defuzzification module in order to obtain the output measurements, according to the rules defined in the Knowledge Base. For facilitating users' input and interpretability, we decided to used the Mamdani maxmin method [13] for the inference process (although further performance improvements could be achieved using Sugeno's sum-prod method) during the operation time: where x is the input sensor measurements, α i is the degree of a given input that satisfies the condition of the ith rule (R i ), and µ outputi is the aggregation of fuzzy set outputs from all rules for output i .
Finally, and in order to test our proposal, we firstly developed a web simulator in which users were able to define and test particular sets of rules by means of adjusting the different FLC parameters. We also reported how the unifying fuzzy controller was applied to a pilot room, during a month, to monitor and control its IEQ, comparing the performance with other PID controllers. Results were very promising.
Low cost device: Raspberry Pi
Low-power, data intensive computing is coming to be an area of great interest, both academically and in industry. Recent advancements in this area are allowing that different devices can run complex pieces of software in a distributed and embedded way. New applications are therefore overcoming the traditional technological limitations and achieving a state of feasibility and wide implementation.
A myriad of low-cost devices (e.g. Raspberry Pi, Arduino, BeagleBoard, Cubox, HummingBoard, and many others) are currently in the market, each one with different capabilities and aims. Among all of them, the first two ones are undoubtedly the most popular ones.
Raspberry Pi (RPi) is a credit-card-size singleboard computer with and ARM processor. It is a low-cost computer capable of doing everything you'd expect a desktop computer to do, from browsing the internet and playing high-definition video, to making spreadsheets, word-processing, and playing games. What's more, the Raspberry Pi has the ability to interact with the outside world, and has been used for a wide array of projects [14] . Two models are currently available (A+ and B+), which vary in their memory and connectivity capacities and layout.
RPI provides plenty of freedom of choice regarding operating system and programming language. In particular, it supports several Linux distributions, being Raspbian a Debian-based one especially optimized for the Raspberry Pi hardware).
As said, Raspberry Pi can be used for many appli-cations [14] , and particularly in the Home environment: in the context of home security [15] and comfort [16] we can find several works reporting the successful usage of the RPi to implement controllers. Books exists describing several projects, such as the ones by Bell [17] , Dennis [18] and Goodwin [19] . Like in our case, Raspberry Pi is often selected for its good developer community support and low cost. For our particular implementation, we used RPi's model B+, which is the most advanced model currently in the market (as for January 2015). It has a 700 MHz ARM processor and 512 MB of memory. The total cost of our implementation (including the Raspberry Pi board itself, a case, the power supply and the SD card) was less than $ 80.
As the unifying fuzzy controller was originally implemented in Java, we needed a Java Virtual Machine over the Raspberry Pi. Fortunately, there is currently an official release of Java 8 by Oracle for the RPi. We installed it on top of the Raspbian operating system. For comparative purposes, we also install the fuzzy unifying controller on a desktop machine running Windows 7 with a 2.1 GHz Intel Xeon E5-2620v2 processor and 3 GB of memory. Table 2 summarizes the specs of the hardware devices and the software used for experimentation and comparison.
Performance of the implementation
We have deployed the Java web application implementing the FLC and the simulator on both the Raspberry Pi and in a Windows 7 server (see details in Table 2 ). In both cases, we have used version 1.8.0 of Java and Apache Tomcat server version 8.0.18.
In order to test the performance of the fuzzy controller running on the Raspberry Pi, we have made use of the developed simulator [8] , which provide us with the capability of easily sending requests. In particular, we have made 9 different request simulating different inputs coming from sensors. We performed requests with a two-seconds delay among them. Figure 3 shows the 9 requests using the controller on the RPi, while Figure 4 shows the same 9 requests to the controller on the PC. The average response time in the case of the Raspberry Pi is 141 ms, while it takes just 40 ms for the server. All in all, the order of those figures, compared with the big latencies that actuators (with the exception of lighting) have in the environment, is perfectly valid for the problem we have in hands.
Note here, that this delays are certainly affected by the number of rules in the Knowledge Base (17 rules in our case), and the number of antecedents (pairs variable-value separated by ANDs) in each rule. The higher the number of rules or the higher the number of antecedents, the longer it would take the FLC to process the requests and obtain an output.
We also tested the performance of the devised fuzzy controller in a real environment (the one described in our previous work [8] ): a room equipped with several sensors for IEQ monitoring and control. Different fuzzy comfort rules were defined on the controller in order to manage the different actuators in the room, and the HVAC in particular.
In this real environment, data are collected from sensors every 15 minutes. Probably the granularity could increase up to, maybe, minutes, but not much further due to the great inertia of the scenario. If data were collected every second, and actions took place accordingly, it would be impossible to check if the applied measures are really working, and overlapping of instructions would occur.
From the performance results obtained in the simulating environment (with responses around 150 ms), it was already clear that the unifying fuzzy controller running in the Raspberry Pi would have no problem to compute the actions and send the commands within that 15-minutes interval. Those expectations were certainly confirmed by applying the RPi implementation to the real scenario: the unifying fuzzy controller, deployed on the RPi, had no problem on monitoring and controlling the IEQ of the demo room, and to perform the necessary calculations.
The performance of the controller, in terms of achieving a successful degree of control, was already reported in our previous work [8] , and has been improved during the last year (although these improvements are yet to be reported, due to patent issues). However, as this fact is not relevant for the present work (which deal with the feasibility of implementing the controller in a low-cost device), we will not address it in this work. The reader interested on the performance of the controller should definitively refer to the mentioned reference.
Conclusion
We have described in this paper the implementation in a low-cost device of a previously presented integrating fuzzy controller to manage different variables affecting the Indoor Environment Quality in a room. That fuzzy controller allowed us to unify different controllers into only one that controls several variables being fully aware of the interdependencies between variables.
The main result of this paper is that our proposal for implementing the unifying fuzzy controller in a low-cost device is feasible and achieves indeed great performance. Even though the fuzzy formalism introduces additional computations, these can be done in real-time in a device such as the Raspberry Pi. The results proved the potential of Raspberry Pi for the design of a compact and affordable unifying fuzzy controller for IEQ control that can be further easily deployed in multiple environments. We foreseen our current work as the first stages towards a broader scenario in which HVAC systems and other information sources are connected into a small, low-powered device that act as a central smart controller. RPi has demonstrated that it is indeed able to support a Java implementation of a fuzzy controller. We acknowledge the great potential of this trend of embedding powerful smart software controllers into smaller and cheaper devices that can be widely installed in the environment.
